Background: Forage grasses of the African genus Urochloa (syn. Brachiaria) are the basis of Brazilian beef production, and there is a strong demand for high quality, productive and adapted forage plants. Among the approximately 100 species of the genus Urochloa, Urochloa decumbens is one of the most important tropical forage grasses used for pastures due to several of its agronomic attributes. However, the level of understanding of these attributes and the tools with which to control them at the genetic level are limited, mainly due to the apomixis and ploidy level of this species. In this context, the present study aimed to identify and characterize molecular microsatellite markers of U. decumbens and to evaluate their cross-amplification in other Urochloa species.
Background
It has been estimated that 167 million hectares of pasture land in Brazil is used to feed a herd of approximately 208 million head of cattle [1] . These pastures consist mainly of forage grasses of the genus Urochloa (syn. Brachiaria), which were introduced from Africa [2] . These forage grasses have greatly contributed to the development of the national cattle industry of Brazil, establishing Brazil as the second largest beef producer and the main beef exporter in the world. The competitive advantage of cattle production in Brazil is the exclusive use of pasture [3] . Moreover, Brazil is the largest producer and exporter of tropical forage seeds in the world [2] .
One of the most widely cultivated species of Urochloa is Urochloa decumbens Stapf., particularly U. decumbens cv. 'Basilisk' . This species exhibits exceptional adaptation to the poor and acidic soils that are typical of the tropics
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The need for new more productive and efficient cultivars has inspired the search for new tools to facilitate the selection process [3] . Thus, genetic and genomic studies are essential to advancing breeding programs via a better understanding of the genetic structure of the species. These types of studies can be conducted by using molecular tools, such as molecular markers.
Among all molecular markers, one of the most effective for plant genetics studies is the microsatellite, also known as the SSR (Simple Sequence Repeat). These markers are highly informative due to their multi-allelic nature, codominant inheritance, high transferability and broad distribution in the genomes of the species [6] [7] [8] .
Whereas some microsatellite markers for Urochloa species have been developed [9] [10] [11] [12] [13] , specific microsatellite markers for U. decumbens have not been reported. Specific microsatellite molecular markers can be very useful in assessing the genetic diversity of germplasms, performing linkage mapping, identifying quantitative trait loci (QTL), performing genome-wide selection and marker-assisted selection, and facilitating molecular based breeding to improve the economically importance characteristics of a species [6, 7] . Moreover, microsatellite markers identified in species with little genome information may be used for cross-amplification between related species [14] .
The aims of the present study were to identify and characterize the first set of microsatellite markers for U. decumbens and to test their transferability to four other Urochloa species (U. brizantha, U. dictyoneura, U. humidicola and U. ruziziensis).
Methods
Thirty-four Urochloa genotypes were obtained from the Embrapa Beef Cattle collection, in Campo Grande, MS, Brazil for marker validation. Twenty of these genotypes are represented by U. decumbens accessions, six genotypes are intra-specific hybrids of the same species and the other eight genotypes are represented by two different germplasm accessions each from U. brizantha, U. humidicola, U. dictyoneura and U. ruziziensis. These other Urochloa species were used for the cross-amplification tests. The annotation numbers, accession numbers (as recorded in the Embrapa-BRA-, in the Embrapa Beef Cattle-EBC-and in the Center for Tropical Agriculture-CIAT-databases), genotypes, species identified, their mode of reproduction and the origin of the genotypes are shown in Table 1 .
Genomic DNA was isolated from fresh leaves using the CTAB method [15] . The purity and concentration of the isolated DNA were determined using a NanoDrop1000 (Thermo) spectrophotometer and by electrophoresis in a 0.8 % agarose gel that was subsequently stained with ethidium bromide (5 µg/mL −1
). In a previous study, a microsatellite-enriched library of one U. decumbens genotype was constructed using the method described by Billotte et al. [16] . The sequences were then treated as described previously [9] . The microsatellites were identified using MISA software [17] , and only mononucleotides with 12 or more repeats, dinucleotides with six or more repeats, trinucleotides with four or more repeats, and tetra, penta, and hexanucleotides with three or more repeats were considered. The DNA sequences determined in this study were deposited in GenBank under the accession numbers shown in Table 2 .
After the primer pairs were designed using Primer3Plus software [18] , we added a M13 tail (5′CAC-GACGTTGTAAAACGAC-3′) to each forward primer. Polymerase chain reaction (PCR) assays were conducted as described previously [9] . The amplified products were separated by electrophoresis through 3 % agarose gels prior to vertical electrophoresis through 6 % denaturing polyacrylamide gels. The gels were then silver stained [19] , and the product sizes were determined by comparison to those of a 10 bp DNA ladder (Invitrogen, Carlsbad, CA, USA).
We considered only the strongest bands because the less intense bands might have been stutter bands and an SSR was considered transferable when a band of the expected size was amplified via PCR and an appropriate SSR pattern was observed. Each SSR allele was treated as dominant due to the high ploidy levels of the genotypes; thus, this analysis was based on the presence (1) or absence (0) of a band in the polyacrylamide gels.
The genetic distance among the genotypes was evaluated according to Jaccard's coefficient [20] based on a binary matrix constructed using the molecular data. This analysis was conducted using the software package NTSYSpc 2.11X [21] . An unrooted tree was constructed using the weighted neighbor-joining method (NJ) using DARwin 6.0.010 software [22] .
The set of molecular data was also analyzed using the admixture model of STRUCTURE software version 2.3.4 [23] to infer the population structure of the 34 genotypes. The admixture model was tested using a period of burnin with 100,000 iterations and a run length of 200,000. The number of K (clusters) was set from 2 to 20. To infer the appropriate number of clusters in our data, we used the ΔK statistic, which represents the rate of change in the log probability of the data between successive K values rather than the log probability of the data [24] . We retained the K value corresponding to the highest value of ΔK obtained using the online tool Structure Harvester [25] .
The polymorphism information content (PIC) values were calculated to evaluate the levels of marker informativeness and to help choose primers for future studies [26] . To compare the efficacies of the markers used for varietal identification, the discrimination power (DP) value was determined for each primer [27] .
Results
We analyzed 281 contigs, of which 128 were found to contain SSR. One hundred fifty-five SSR motifs were found, with the perfect microsatellite being the most abundant. Dinucleotide repeats were the most abundant class of microsatellite detected (59.36 %), followed by tetranucleotide (18.71 %), trinucleotide (12.26 %), mononucleotide (3.87 %), hexanucleotide (3.22 %) and pentanucleotide (2.58 %) repeats. Furthermore, 22 % of the microsatellite motifs were classified as class I motifs A total of 113 specific primer pairs were designed, and 93 SSR markers amplified from U. decumbens, with 82 of these being polymorphic. A total of 459 bands were scored, and the number of bands per locus was found to range from 1 to 10, with an average of 4.93 bands per locus ( Table 2) .
The PIC values of the 82 polymorphic loci ranged from 0.26 to 0.85 (average of 0.68), and the discrimination power (DP) values ranged from 0.22 to 0.97 (average of 0.77) ( Table 2) .
Two genotypes of four other species of the genus Urochloa (U. brizantha, U. humidicola, U. dictyoneura and U. ruziziensis) (Table 1) were used to evaluate the transferability of the 93 SSR markers. All of the loci were tested using the same PCR conditions used for analysis of U. decumbens. Fifty-six percent of the loci were amplified in at least one U. dictyoneura genotype, 38 % were amplified in U. humidicola, 99 % were amplified in U. ruziziensis, and 92 % were amplified in U. brizantha. Amplification of 33 % of the microsatellite markers was achieved for all of the evaluated species. The microsatellite markers Dec07, Dec31, Dec33, Dec77 and Dec108 were only transferable for U. ruziziensis species (see Additional file 1).
Based on the allelic frequencies determined using STRUCTURE software [23] , 28 % of the alleles are rare (frequency < 0.05), 57 % of these alleles are of intermediate abundance (0.05 < frequency < 0.30), and 15 % are abundant alleles (frequency > 0.30). We observed 43 rare alleles that are specific for U. decumbens, eight rare alleles specific for U. humidicola, seven specific for U. dictyoneura, four alleles specific for U. brizantha and two rare alleles specific for U. ruziziensis.
The Bayesian analysis performed using STRUCTURE software [23] revealed that the 34 Urochloa genotypes could be distributed into three distinct clusters (Fig. 1), as determined from the ΔK values that were generated using Structure Harvester software [24, 25] (see Additional file 2). Using a K value of three, 15 genotypes were allocated into Cluster I (6 to 9), 13 genotypes were grouped into Cluster II (21 to 19) and six genotypes were allocated into Cluster III (27 to 32) (Fig. 1) .
The genetic distance values that were determined using Jaccard's coefficient ranged from 0.06 (D062 and R10) to 0.76 (H016 and D009) (see Additional file 3). The unrooted neighbor-joining tree successfully discriminated all of the tested genotypes (Fig. 2) .
Discussion
In this report, we have described the first set of microsatellite markers for U. decumbens, which is an important tropical forage grass for which there is limited genetic information. The availability of a robust set of informative molecular markers is essential to accelerating its breeding programs as well as for germplasm characterization, genetic map development and marker-assisted selection.
In the present study, dinucleotide repeats were the most abundant class of microsatellites detected, followed by tetra, tri, mono, hexa and pentanucleotide repeats. Dinucleotide motifs have been found to be the most abundant type of microsatellites in plant genomes [28, 29] . Notably, the high occurrence of dinucleotide motifs can be attributed to both of the evaluated libraries having been enriched using (CT) 8 and (GT) 8 probes.
In total, 93 SSR markers were characterized, 82 of which were found to be polymorphic (88 %). The loci that did not exhibit polymorphism in the genotypes that we evaluated may be useful in other studies.
The Polymorphism Information Content (PIC) is an index used to qualify a marker for genetic studies and reflects the level of polymorphism detected. Seventy-seven markers tested in U. decumbens genotypes were found to be highly informative (PIC > 0.5) and Table 1 . Cluster I (from 6 to 9), Cluster II (from 21 to 19) and Cluster III (from 27 to 32) five markers were found to be moderately informative (0.25 < PIC < 0.5), based on a previously proposed classification system [30] (Table 2 ). The Dec48 marker had the highest PIC value, 0.85, and the Dec91 marker had the lowest value, 0.26. The average PIC values for all of the markers was 0.68 (Table 2) , indicating a high level of polymorphism.
To determine whether these molecular markers could discriminate the genotypes of U. decumbens, the discrimination power (DP) of each SSR locus was computed. The PD values ranged from 0.22 (Dec14 and Dec91) to 0.97 (Dec12), with an average value of 0.77.
The most informative loci in this panel of SSRs were Dec12, Dec48, Dec86 and Dec97 because they had the highest PIC and DP values ( Table 2 ). In contrast, the Dec91 locus had low PIC and DP values (0.26 and 0.22, respectively), as expected due to its low levels of polymorphism and cross-amplification in all of the other Urochloa species tested, which suggests that this locus is a conserved region [11] .
Structure analysis showed that the genotypes were distributed in three clusters and that each cluster was characterized by a set of allele frequencies at each locus and was represented by different colors (red, green and blue) as shown in Fig. 1 . The best K number of clusters was determined using the ΔK method [24] and implemented in the online tool Structure Harvester [25] (see Additional file 2).
Cluster I included fifteen U. decumbens genotypes plus the U. ruziziensis genotypes, Cluster II contained only U. decumbens genotypes, and Cluster III contained the others Urochloa species, including U. dictyoneura, U. humidicola and U. brizantha (Fig. 1) . The clustering of some of the U. decumbens genotypes with U. ruziziensis genotypes may be explained by the genetic proximity of these species [11, 13, 31, 32] . This fact is reflected in the allelic pools that are identified with different colors in Fig. 1 .
Cluster II included genotypes 19 and 20, and six hybrids derived from crosses between these two genotypes that were grouped together (Fig. 1) . These hybrids are members of an F 1 population that will be mapped using the polymorphic SSRs described in this study. In Cluster III, which included three different Urochloa species, the predominant allelic pool is represented in blue, and only the U. brizantha genotypes showed some percentage of the red allelic pools, demonstrating their genetic proximity to U. decumbens (Fig. 1) .
The tree constructed based on Jaccard's coefficient successfully discriminated all of the tested genotypes (Fig. 2)   Fig. 2 Unrooted neighbor-joining tree based on Jaccard's coefficient for the 34 genotypes of the Urochloa species. The genotypes were named according to the annotated numbers listed in Table 1 . The colors of the branches represent the clusters identified in Fig. 1 , as follows: red Cluster I; green Cluster II; blue Cluster III and showed a distribution of these genotypes similar to that obtained using STRUCTURE software [23] (Fig. 1) , although the two types of analysis used different statistical approaches. Moreover, this tree and the allelic pools that were determined indicated that U. decumbens and U. ruziziensis are more closely related to one another than to the other species (Figs. 1 and 2) .
Based on the genetic values obtained using Jaccard's coefficient, the lowest genetic distance was observed between the D062 and R10 genotypes (0.06). The R10 genotype should correspond to a hybrid that originated from a cross between D062 and D24/27, but the genetic distance observed shows that it is likely a false hybrid, which demonstrates the importance of using molecular markers to discriminate genotypes. The highest genetic distance (0.76) was observed between the D009 and H016 genotypes, representing U. decumbens and U. humidicola species, respectively, which are genetically distant species [11, 13, 31, 32] (see Additional file 3).
All of the microsatellite markers were transferable to at least one different species of the Urochloa genus, and 33 % of the markers were successfully amplified in all of the species, indicating their absolute transferability. The highest level of transferability was observed in U. ruziziensis, followed by U. brizantha, U. dictyoneura and U. humidicola (see Additional file 1). The higher proportion of successful PCR amplification for the U. ruziziensis and U. brizantha genotypes indicates the closer phylogenetic distance between these species and U. decumbens. Thus, U. brizantha, U. decumbens and U. ruziziensis form an agamic complex and produce fertile hybrids [33, 34] , enhancing the Urochloa breeding program.
Silva et al. [12] developed 198 polymorphic microsatellite markers for U. ruziziensis and found that the percentages of markers potentially transferable to U. decumbens and U. humidicola were 92.9 % and 42.9 %, respectively, corroborating our results. Others studies showed that U. brizantha and U. ruziziensis are more closely related to U. decumbens than to U. humidicola and U. dictyoneura [11, 13, 31, 32] . Marker transferability is effective in reducing the time and cost of initial studies aimed at identifying microsatellite markers in related species; thus, these markers could be used in genetics studies, such as in those concerning intra-species molecular characterization, species differentiation, molecular identification, and characterization of interspecific hybrids [14] .
The success of a breeding program can be accelerated by the effective use of molecular markers. Thus, the SSR markers developed in this study will be useful for U. decumbens breeding programs and possibly for those of other related Urochloa species.
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